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ICP0R is the polypeptide product of an alternatively spliced transcript of the gene encoding the transactivator protein ICP0
of herpes simplex virus type 1 (HSV-1). Although it has been shown to act as a transrepressor of gene expression in
transfection assays, overexpression of the ICP0R protein in the recombinant virus HSV–KST was previously found to have
no detectable effect on virus replication, so that the role it plays in HSV-1 infection remains unclear. Analysis of HSV–KST-
infected cell lysates by Western blotting revealed the presence of not only the 41-kDa ICP0R polypeptide but also a 64-kDa
processed form of the protein. This processing event was the result of ubiquination of the ICP0R protein, as demonstrated
by the reactivity of the 64-kDa species with antibody specific for the influenza virus hemagglutinin (HA) protein epitope in
experiments where the gene encoding ICP0R was coexpressed with a gene encoding HA-tagged ubiquitin. Surprisingly, the
64-kDa form of ICP0R was found to be remarkably stable and persisted in infected cells for many hours after processing,
despite the fact that ubiquitination normally functions as a means of tagging proteins for rapid degradation. Analyses of
mutant polypeptides containing arginine substitutions at each of the lysine residues of ICP0R, which represent potential
ubiquitin conjugation sites, revealed that a single lysine residue at codon 248 was both necessary and sufficient for the
appearance of the 64-kDa processed form. However, a number of ICP0R mutants that retained the ubiquitination site at lysine
248 but contained disruptions of sequences at distant sites also lacked detectable 64-kDa protein, indicating that the integrity
of the overall structure of ICP0R was an additional determinant for ubiquitination. © 1999 Academic Press
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Infected cell polypeptide 0 (ICP0) and ICP0R are pro-
eins encoded by a diploid gene present in the long
epeat sequences of the herpes simplex virus type 1
HSV-1) genome (Fig. 1). ICP0 is a 775-amino-acid pro-
ein that is encoded by all three exons of the gene (Perry
t al., 1986), while ICP0R represents a truncated form of
CP0 that is created through alternative splicing of intron
(Everett et al., 1993; Weber et al., 1992). As a result of
his differential splicing, ICP0R contains all 241 amino
cids encoded by exons 1 and 2 of the ICP0 gene, but
cquires a unique 21-amino-acid tail derived from un-
pliced intron 2 sequences instead of the 534 amino
cids from exon 3 (Fig. 1). ICP0 is one of five immediate
arly polypeptides encoded by HSV-1 and is expressed
t abundant levels throughout infection. In contrast,
CP0R accumulates to detectable levels only at later
imes in infection (Everett et al., 1993; Weber, Spatz, and
ordby, unpublished observations), since its synthesis
epends on the failure to use splicing signals that are
ormally very efficiently utilized by the host cell splicing
achinery (Perry et al., 1986). ICP0 and ICP0R also
1 To whom reprint requests and correspondence should be ad-
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288xhibit remarkably different properties when analyzed in
ransient expression assays. ICP0 behaves as a trans-
ctivator of gene expression (Everett, 1984; Gelman and
ilverstein, 1985; Mosca et al., 1987; O’Hare and Hay-
ard, 1985; Ostrove et al., 1987; Quinlan and Knipe, 1985;
ekulovich et al., 1988; Shapira et al., 1987) while ICP0R
cts as a transrepressor (Weber et al., 1992; Weber and
igdahl, 1992), but both function on a wide variety of viral
nd cellular promoters in a manner that is independent
f specific promoter sequences. It has been postulated
hat the phenomenon of transrepression is the result of
onproductive interactions between ICP0R and a host
ell factor that is required for transactivation by ICP0, so
hat ICP0R technically functions as a dominant negative
utant (Weber et al., 1992; Weber and Wigdahl, 1992).
onsistent with results from transfection assays, recom-
inant HSV-1 carrying deletions of both copies of the
CP0 gene are impaired for both transcriptional activa-
ion of viral genes (Robert and Schaffer, 1997) and repli-
ation in low-multiplicity infections in cell culture (Sacks
nd Schaffer, 1987; Stow and Stow, 1986), in vivo infec-
ions (Cai et al., 1993; Clements and Stow, 1989; Leib et
l., 1989), and in vitro latency models (Harris et al., 1989;
hu et al., 1990). In contrast, a recombinant HSV-1 that
as engineered to express high levels of the ICP0R
rotein instead of ICP0 was found to replicate no worsehan an ICP0 null mutant (Spatz et al., 1997). This obser-
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289UBIQUITINATION OF HSV-1 ICP0R PROTEINation, coupled with the findings that a recombinant
SV-1 whose ICP0 genes lack introns and therefore can
ynthesize only ICP0 and not ICP0R replicated normally
FIG. 1. Expression of the ICP0 and ICP0R proteins in HSV-1. A map
omponents; the inverted repeat sequences a, b, and c; and the locatio
ranscripts and the intron–exon structures of the ICP0 genes in wild-
omplete splicing of the primary transcript and subsequent translation o
rotein. However, inefficient alternative splicing of intron 2 can also oc
nspliced intron 2 sequences (“G”) instead of exon 3, and subsequent
-encoded carboxy-terminal sequences of ICP0R is prevented by a 1.7
oding sequences of exon 3 (striped box). This manipulation forces thn cell culture and in vivo (Everett, 1991; Natarajan et al.,991), indicates that the role of the ICP0R protein in the
ownregulation of viral gene expression is unclear at
his time.
HSV-1 genome, shown at the top, identifies the long (L) and short (S)
two copies of the ICP0 gene in the b sequences. The primary mRNA
V-1 and the HSV–KST mutant are shown below. In wild-type HSV-1,
ee exons normally occur, resulting in high-level expression of the ICP0
ring infection, resulting in translation of the glycine-rich codons of the
el expression of the ICP0R protein. In HSV–KST, splicing of the intron
tion encompassing the splice acceptor site of intron 2 and the entire
nt to express high levels of ICP0R instead of ICP0.of the
n of the
type HS
f all thr
cur du
low-lev
-kb deleDespite its apparent role in transcriptional activation,
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290 WEBER, SPATZ, AND NORDBYhe ICP0 protein differs from other HSV-1 transactivator
roteins like ICP4 and VP16 in that it does not bind to
pecific DNA sequences, nor has it been found to inter-
ct with known components of the host cell transcrip-
ional machinery. In contrast, the ability of ICP0 to asso-
iate with and disrupt the nuclear structure ND10 ap-
ears to play a key role in its ability to activate gene
xpression (Everett and Maul, 1994; Maul and Everett, 1994;
aul et al., 1993), as does the recruitment of herpesvi-
us-associated ubiquitin-specific protease (HAUSP) to
his site through specific interactions with an exon 3-en-
oded domain of ICP0 (Everett et al., 1997). Recent evi-
ence indicates that ND10 disruption events are linked
o the ICP0-induced degradation of PIC1-modified iso-
orms of a specific ND10 component, the PML protein
Everett et al., 1998). ICP0 has also been shown to as-
ociate with the G1 cell cycle regulator cyclin D3
Kawaguchi et al., 1997), although the significance of this
bservation is less clear. This interaction occurs through
domain that is encoded by exon 2, which contains a
ING finger metal binding domain (Freemont et al., 1991;
overing et al., 1993) and which includes the only se-
uences of ICP0 that are conserved among the alpha
erpesvirus family (Spatz et al., 1996). Moreover, exon 2
as been shown in several studies to represent the most
utationally sensitive region of the ICP0 molecule (Cai
nd Schaffer, 1989; Chen et al., 1991; Everett, 1987; 1988;
patz et al., 1996). As it lacks exon 3-encoded sequences
Fig. 1), ICP0R is unable to associate with HAUSP and
ails to disrupt ND10 (Everett and Maul, 1994); however,
t does contain the entire cyclin D3 binding domain in
xon 2 (Kawaguchi et al., 1997).
Since ICP0 promotes the degradation of PIC1-modi-
ied proteins (Everett et al., 1998), associates with the
eubiquitinating enzyme HAUSP (Everett et al., 1997),
nd can interact with cyclin D3, a protein known to be
biquitinated prior to its degradation during the cell cycle
Hershko, 1991; Murray, 1995), it seems likely that ICP0
unction somehow involves interactions with ubiquitin-
ependent degradation pathways. Ubiquitin is a highly
onserved 76-amino-acid polypeptide that can be co-
alently linked to target proteins through a multienzyme
athway (Ciechanover, 1994; Hershko, 1991). In most
roteins, ubiquitin conjugation involves the creation of a
eptide bond between the carboxyl group of the carboxy-
erminal glycine residue of ubiquitin and the e-amino
roup of a lysine residue in the substrate protein.
ranched polyubiquitination structures can then occur
n the substrate protein through continued rounds of
eptide bond formation between the carboxy-terminal
lycine residue of a new ubiquitin molecule and the
mino group of the lysine 48-residue of a ubiquitin that
as already been conjugated to the substrate protein.
olyubiquitinated proteins are commonly recognized and
egraded by a large multienzyme complex called the 26S
roteasome, so that this form of processing typically gerves as a means of tagging proteins for proteolytic
estruction. However, rare exceptions of ubiquitination
erving as a form of functional posttranslational modifi-
ation rather than a signal for protein recycling have
een described, particularly in the histone family (Nickel
nd Davie, 1989; Thorne et al., 1987). In this study, evi-
ence is presented that ICP0R of HSV-1 represents one
f these unusual instances of a polypeptide that is mod-
fied by stable ubiquitination.
RESULTS
dentification of a processed form of ICP0R in
SV–KST-infected cells
Since ICP0R is normally synthesized at low levels in
ild-type HSV-1 infections through an inefficient alterna-
ive splicing mechanism, the recombinant virus HSV–KST
as constructed in a previous study as a means of
xploring the effects of overexpression of this protein on
iral gene expression (Spatz et al., 1997). HSV–KST con-
ains a deletion of the splice acceptor site of intron 2 and
he entire exon 3 coding sequences from both genomic
opies of the ICP0 gene; this prevents splicing of the
ntron 2 sequences from the primary transcript of ICP0
nd forces this virus to express high levels of ICP0R
nstead of ICP0 (Fig. 1). Overexpression of the ICP0R
rotein in this manner was shown to have little negative
ffect on virus replication, since the growth properties of
SV–KST were identical to those of dl1403, a mutant
irus that expressed neither ICP0 nor ICP0R (Spatz et al.,
997).
Western blot analysis of HSV–KST-infected cell lysates
sing the monoclonal antibody 11060, which is specific
or the exon 2-derived sequences of both ICP0 and
CP0R (Everett et al., 1993), revealed the presence of an
bundant 41-kDa polypeptide whose molecular weight
as consistent with that predicted for ICP0R (Fig. 2B).
owever, a less abundant 64-kDa protein was also un-
xpectedly observed in these lysates (Fig. 2B). Evidence
hat this 64-kDa species was of viral origin and specific
or HSV–KST infections came from the observation that it
as absent from lysates of either mock- or dl1403-in-
ected cells (Fig. 2B). Moreover, the demonstration that
oth the 41- and 64-kDa proteins could be detected in
ysates from cells transfected with pKST, a plasmid that
xpresses the ICP0R gene (Fig. 2A), confirmed that the
4-kDa species was related to ICP0R and could be
ynthesized in the complete absence of other viral genes
Fig. 2B).
One obvious mechanism to account for the exis-
ence of the 64-kDa protein would be a posttransla-
ional processing event that occurs in the 41-kDa
CP0R protein; however, the structure of the ICP0R
ene allows for other possible explanations. Since the
CP0R gene contains the large first intron of the ICP0
ene (Fig. 1), it is possible that a previously unidenti-
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291UBIQUITINATION OF HSV-1 ICP0R PROTEINied exon could be spliced onto exon 2 instead of exon
, or that fortuitous promoter elements mapping within
he intron could initiate transcription of sequences
ithin the intron that would continue into exon 2.
ither of these scenarios could generate a protein that
ould still be recognized by the 11060 antibody that
as used in this study, since the epitope that it rec-
gnizes has been mapped to exon 2 (Everett et al.,
993). To address these possibilities, pKST-C1, a de-
ivative that lacks the intron sequences but retains all
f the other protein-coding sequences of the ICP0R
ene (Fig. 2A), was constructed. Western blot analysis
f lysates of cells transfected with pKST-C1 revealed
he presence of both the 41- and 64-kDa species (Fig.
B), indicating that the latter protein was not derived
hrough the use of alternative coding sequences
ithin the ICP0 gene. The significant reduction in the
evels of both proteins in lysates of pKST-C1-
ransfected cells, compared with pKST-transfected
ells, was most likely due to a debilitating effect of the
oss of the intron sequences on stable expression of
he transfected ICP0R gene, as has been described
reviously for ICP0 (Everett, 1991). These findings,
oupled with the results of pulse–chase labeling ex-
eriments described below, demonstrate that the 64-
Da species arises from posttranslational modification
FIG. 2. Detection of ICP0R and a 64-kDa processed form of ICP0R
n the HSV-1 recombinant HSV–KST and the plasmids pKST and pKS
istinguished by the presence or absence of intron 1 sequences as
CP0 gene or the SV40 early transcription unit. (B) Western blot an
nfected with either HSV–KST or the ICP0/ICP0R null mutant virus
repared from these cells at 6 h postinfection or 48 h posttransfection
ntibody 11060 (Everett et al., 1993). A molecular weight scale is inc
Da, respectively) are indicated by arrows at the right.f the 41-kDa ICP0R protein. adentification of the 64-kDa protein as a ubiquitinated
orm of ICP0R
The inability to demonstrate that the 64-kDa protein
as derived through a common means of posttransla-
ional modification such as phosphorylation, glycosyla-
ion, or poly(ADP)-ribosylation (Weber, Spatz, and Nordby,
npublished observations) indicated that it was gener-
ted by an unusual processing mechanism. The appar-
nt 23-kDa molecular weight increase in ICP0R after
rocessing was consistent with a monoubiquitination
vent, given the molecular weight of ubiquitin (10 kDa)
nd the compounding effect that conjugation of a ubiq-
itin moity to an internal lysine residue of ICP0R would
ave on electrophoretic mobility. However, all attempts to
emonstrate a reactivity of the 64-kDa protein with anti-
biquitin sera that were generated in either mice or
abbits failed (Weber, Spatz, and Nordby, unpublished
bservations). Since the highly conserved nature of ubiq-
itin makes it only weakly immunogenic in animals, it
as likely that the negative results obtained could be
xplained by the limited sensitivity of these antisera.
hus, an alternative approach had to be employed to
emonstrate ubiquitination of the ICP0R protein. This
nvolved the use of the plasmid pMT123 (Treier et al.,
994), which encodes a polyubiquitin precursor whose
ubunits are each tagged with the influenza virus hem-
h infected and transfected cells. (A) Maps of ICP0R genes present
lthough their coding sequences are identical, these genes can be
s the utilization of polyadenylation signals derived from either the
of infected and transfected cells. Vero cells were mock infected,
, or transfected with either pKST or pKST-C1. Extracts were then
nalyzed in Western blots using the ICP0 exon 2-specific monoclonal
at the left, and the native and processed forms of ICP0R (41 and 64in bot
T-C1. A
well a
alysis
dl1403
and a
ludedgglutinin (HA) protein epitope. When transfected into
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292 WEBER, SPATZ, AND NORDBYells, the polyprotein synthesized from this construct is
rocessed by available cellular ubiquitin-specific pro-
eases into HA-tagged ubiquitin molecules which can
hen be conjugated onto a protein expressed from a
otransfected gene.
In experiments that used the HA-tagged ubiquitin-
xpressing construct, Vero cells were transfected with
ither the ICP0R-expressing plasmid pKST alone, a mix-
ure of pMT123 and pKST, or a mixture of pMT123 and
KST-F1I. The pKST-F1I construct encodes an ICP0R
utant that is defective for processing to the 64-kDa
orm and therefore serves as a negative control in this
xperiment; this class of ICP0R mutants is described in
ore detail below. ICP0R protein was immunoprecipi-
ated from the transfected cell lysates using the 11060
ntibody and then analyzed on Western blots which em-
loyed either the 11060 antibody or an antibody specific
or the HA epitope. In either transfection employing pKST,
oth the 41- and 64-kDa forms of ICP0R were immuno-
recipitated; however, in the pKST transfection in which
MT123 was also present, an additional 66-kDa form of
CP0R was also isolated (Fig. 3). Since the amino acid
FIG. 3. Detection of ubiquitinated forms of the ICP0R protein. Extracts
f Vero cells that had been transfected with the plasmids indicated in
he grid at the top were prepared at 48 h transfection. ICP0R protein
as then immunoprecipitated from these extracts and analyzed in
estern blots using either the ICP0 exon 2-specific monoclonal anti-
ody 11060 (left) or an antibody specific for the influenza virus hemag-
lutinin (HA) protein epitope that is tagged onto the polyubiquitin
rotein encoded by pMT123 (Treier et al., 1994) (right). A molecular
eight scale is included at the right, and the identities of unprocessed
CP0R (ICP0R), ICP0R that has been conjugated to endogenous ubiq-
itin (ICP0R-Ub), and ICP0R that has been conjugated to HA-tagged
biquitin (ICP0R-HA-Ub) are indicated by arrows at the left. The band
orresponding to the last species is also identified by a black dot in
ither panel.equences corresponding to the HA epitope were pre- 6icted to increase the molecular weight of ubiquitin by 2
Da (Treier et al., 1994), an increase in the molecular
eight of the 64-kDa form of ICP0R to 66 kDa would be
xpected if ubiquitination was indeed responsible for the
rocessing event and HA-tagged ubiquitin was now be-
ng used as a ligand instead of endogenous ubiquitin.
urthermore, both the 64- and 66-kDa forms were absent
rom the immunoprecipitate derived from transfections of
MT123 and pKST-F1I (Fig. 3), indicating that synthesis of
he 66-kDa species had the same requirement for normal
rocessing of the ICP0R protein as the 64-kDa protein.
inally, Western blot analysis of the three immunopre-
ipitates using an antibody specific for the HA epitope
onfirmed that the 66-kDa species which was unique to
he transfection employing pMT123 and pKST did contain
A-tagged ubiquitin (Fig. 3), thereby confirming that pro-
essing of ICP0R by ubiquitination does occur. Interest-
ngly, low levels of a 72-kDa form could be detected in
ddition to the 66 kDa form in this analysis (Fig. 3); this
pecies likely represents an ICP0R derivative that has
ndergone a second ubiquitination event.
etermination of the kinetics of ICP0R ubiquitination
uring HSV–KST infection
Since ubiquitination normally functions as a means of
agging proteins for rapid degradation, yet significant
evels of ubiquitinated ICP0R accumulate in both trans-
ected and infected cells (Fig. 2), it was of interest to
etermine the rates of appearance and disappearance of
his protein species. The kinetics of 64-kDa protein syn-
hesis were initially examined in pulse–chase experi-
ents employing immunoprecipitation of ICP0R from
5S-labeled HSV–KST-infected cells at 5 h postinfection.
he results of these studies indicated that ubiquitination
f ICP0R initiated within the first few minutes after the
rotein was synthesized, and that one-half of the protein
ould be converted to the 64-kDa form after a 1-h chase
Fig. 4A). However, little additional processing could be
etected when the length of the chase was extended
ast 1 h, which corresponded to 6 h postinfection and
hereafter (Fig. 4A). Remarkably, the ubiquinated ICP0R
as found to accumulate as a stable species and did not
ndergo any detectable degradation or polyubiquitina-
ion events, even after chase incubations as long as 17 h
Fig. 4A). These findings indicated that ICP0R represents
rare instance of a protein that undergoes ubiquitination
ith no apparent loss in stability.
The kinetics of 64-kDa protein synthesis were also
xamined by assessing the accumulation of ICP0R pro-
ein in HSV–KST-infected Vero cells over time. Lysates
ere prepared from identically infected cells at 3-h in-
rements postinfection and analyzed on Western blots
Fig. 4B). At 3 h postinfection, the majority of the ICP0R
rotein existed as the 64-kDa ubiquitinated form, but by
h postinfection this trend had reversed and a majority
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293UBIQUITINATION OF HSV-1 ICP0R PROTEINf the ICP0R protein remained unprocessed. By 9 h
ostinfection, the level of 64-kDa protein remained virtu-
lly unchanged while the level of the unprocessed pro-
ein continued to increase through 24 h postinfection
Fig. 4B). Interestingly, a portion of the accumulated 64-
Da protein underwent an increase in electrophoretic
obility starting at 12 h postinfection and continuing
hrough 24 h postinfection; this was found to be due to an
pparent dephosphorylation event that had occurred
ithin the 64-kDa protein that had already accumulated
Weber, Spatz, and Nordby, unpublished observations).
he source of this dephosphorylation is unclear, but
ppears to be specific for ICP0R synthesized in HSV–KST
nfections because it was not observed in pKST trans-
ections (Fig. 2).
Together, the results of the pulse–chase and time
ourse experiments demonstrate that the 64-kDa ubiqui-
inated form of ICP0R is a highly stable species and that
ost of the 64-kDa protein that will accumulate during an
nfection has already been generated by 6 h postinfec-
ion. These findings indicate that although the ICP0R
rotein is synthesized throughout infection by HSV–KST,
ts modification by ubiquitination is limited to the imme-
iate early and early stages of the replication cycle.
evertheless, the ubiquitinated form of ICP0R can be
etected well into the late stages of infection by virtue of
ts unexpectedly high level of stability.
nalysis of the amino acid sequences required for
biquitination of ICP0R
As further confirmation that the 64-kDa species was
erived from ubiquitination of the ICP0R protein, an at-
FIG. 4. Kinetics of ubiquitination of the ICP0R protein during HSV–KST
ells were pulse labeled for 5 min at 5 h postinfection and subjected
hen immunoprecipitated from extracts of these cells, electrophoresed
nd ubiquitinated forms of ICP0R are indicated at the right. (B) Stable
ad been infected with HSV–KST for the lengths of time indicated at the
ntibody 11060. The unprocessed and ubiquitinated forms of ICP0R arempt was made to identify the specific lysine residue at chich the ubiquitin moiety was conjugated. Three lysine
esidues exist within the ICP0R polypeptide, each of
hich is located within an interesting region of the mol-
cule. The lysine residues at codons 144 and 159 map
ithin the RING finger, which represents the most con-
erved and mutationally sensitive sequences of the
CP0R protein (Spatz et al., 1996). In contrast, the lysine
esidue at codon 248 maps within a glycine-rich region
erived from the unspliced intron 2 sequences, and
herefore lies within the only segment of the ICP0R pro-
ein that is not shared with ICP0. Site-directed mutagen-
sis was carried out on the ICP0R gene which converted
ach of the three lysine residues at codons 144, 159, and
48 to arginine residues. The use of lysine-to-arginine
ubstitutions representing conserved alterations in the
rimary amino acid sequence of ICP0R allowed the role
f each lysine residue in ubiquitination of ICP0R to be
ddressed with minimum disruption to the overall protein
tructure.
Lysates were prepared of Vero cells that had been
ransfected with each of the lysine-to-arginine substitu-
ion mutants of ICP0R and analyzed in Western blots
sing the 11060 antibody (Fig. 5). The lysine residues at
ositions 144 and 159 were dispensable for ubiquitina-
ion either individually or in combination, since the 64-
Da processed form of ICP0R was readily detected in
ells transfected with the pKST-K144R, pKST-K159R, and
KST-K144R/K159R mutants (Fig. 5). The observation that
rocessing still occurred in the K144R/K159R double mu-
ant, which contained only the lysine at codon 248, indi-
ated that the latter residue represented the actual site
f ubiquitin conjugation in the ICP0R protein. This was
ion. (A) Pulse–chase labeling of ICP0R protein. HSV–KST-infected Vero
e incubations for the lengths of time indicated at the top. ICP0R was
acrylamide gels, and analyzed by autoradiography. The unprocessed
lation of the ICP0R protein. Extracts were prepared of Vero cells that
analyzed in Western blots using the ICP0 exon 2-specific monoclonal
ated at the right.infect
to chas
on poly
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top andonfirmed in the analysis of cells transfected with either
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294 WEBER, SPATZ, AND NORDBYhe pKST-K248R or pKST-K144R/K159R/K248R mutants,
oth of which lacked the lysine residue at position 248
nd both of which failed to generate detectable levels of
he 64-kDa form of ICP0R (Fig. 5). Taken together, the
esults of this mutational analysis demonstrated that the
ingle lysine residue at codon 248 was both necessary
nd sufficient for ubiquitination of the ICP0R protein.
Although this analysis identified the actual site of ubiq-
itin conjugation in the ICP0R polypeptide, other se-
uences within the protein may also be required for
rocessing to occur. To explore this possibility, a large
anel of ICP0R mutants that had been used to map the
mino acid sequences required for transrepression in a
revious study (Spatz et al., 1996) were examined by
estern blot analyses for the presence or absence of the
4-kDa processed form. Without exception, the entire
anel of mutants could be divided into two phenotypic
lasses: one that was transrepression competent and
nderwent ubiquitination to produce the 64-kDa form,
nd one that was transrepression incompetent and
ailed to produce detectable levels of the 64-kDa form.
his is clearly illustrated in a set of 10 linker insertion
utants of ICP0R, where the R1I, E25I, E3I, and A2I
utants fall into the former group, while the F1I, R2I, E8I,
13I, R3I, and E32I mutants fall into the latter group (Fig.
). Comparable groupings could be obtained in the anal-
ses of additional sets of internal deletion and truncation
utants of ICP0R (Weber, Spatz, and Nordby, unpub-
ished observations). The finding that so many mutants
hat retained the lysine residue at codon 248 failed to
enerate the 64-kDa protein was consistent with a re-
uirement for additional sequences apart from the site of
biquitin conjugation for detectable levels of ICP0R pro-
FIG. 5. Identification of the specific lysine residue in the ICP0R
rotein at which ubiquitin conjugation occurs. Vero cells were trans-
ected with pKST derivatives containing the mutations indicated in the
rid at the bottom. Extracts were then prepared from these cells at 48 h
osttransfection and analyzed in Western blots using the ICP0 exon
-specific monoclonal antibody 11060. The unprocessed and ubiquiti-
ated forms of ICP0R are indicated by arrows at left. Lane 1, pKST; lane
, pKST–K144R; lane 3, pKST–K159R; lane 4, pKST–K144R/K159R; lane
, pKST–K144R/K159R/K248R; lane 6, pKST–K248R; lane 7, pKST–F1I.essing to occur. sDISCUSSION
Posttranslational modification of the HSV-1 ICP0R pro-
ein by ubiquitination was demonstrated in this study by
he detection of a conjugated epitope-tagged ubiquitin
oiety on processed ICP0R (Fig. 3) and the identification
f the lysine residue at codon 248 as the actual site of
biquitin conjugation in ICP0R (Fig. 5). While ubiquitina-
ion is hardly an unusual protein processing event, as
olyubiquitination represents the signal most frequently
sed by cells in tagging polypeptides for recycling in
roteolytic degradation pathways, proteins like ICP0R
hich undergo predominantly monoubiquitination events
Fig. 3) and which remain stable over extended periods
Fig. 4) are relatively rare. It should be noted that stable
biquitination has also been described in one other
SV-1 protein to date, the product of the US9 open
eading frame (Brandimarti and Roizman, 1997). How-
ver, unlike ICP0R, the UL9 gene product is a lysineless
rotein that appears to be modified through an alternate
athway of ubiquitin conjugation and exists primarily as
group of polyubiquitinated proteins.
The lysine 248 residue which serves as the site of
biquitin conjugation in the ICP0R protein maps near the
arboxy-terminal end of this 262-amino-acid polypeptide.
ince this residue is encoded by the unspliced se-
uences of intron 2 of the ICP0 gene, it is absent from the
CP0 protein; this explained the inability to detect any
table ubiquitinated forms of ICP0 in experiments that
mployed the pMT123 construct expressing HA-tagged
biquitin (Weber, Spatz, and Nordby, unpublished obser-
ations). Interestingly, the only other proteins for which
table ubiquitination has been described and for which
he site of ubiquitin conjugation has been determined
lso undergo processing near their carboxy-terminal ends.
n the 129-amino-acid histone H2A protein, lysine 119 is
sed for ubiquitin conjugation, while in the 125-amino-
cid histone H2B protein, lysine 120 is used (Nickel and
avie, 1989; Thorne et al., 1987) (Fig. 7). The latter pro-
eins are remarkable in that they both contain multiple
ysine residues within their carboxy-terminal sequences,
et ubiquitin is conjugated onto only a specific single
ysine residue in either polypeptide. Although it pos-
esses only a single lysine residue within its carboxy-
erminal sequences, a similar level of selectivity appears
o exist in ICP0R, since transfer of the lysine at codon 248
o the final codon of the protein results in the loss of
etectable ubiquitination (Weber, Spatz, and Nordby, un-
ublished observations). Together, these results indicate
hat the stable ubiquitination of these three proteins
equires not only the lysine residue that is being pro-
essed, but additional flanking amino acid sequences as
ell. However, there is no obvious sequence homology
etween the ubiquitination sites of the ICP0R, histone
2A, and histone H2B proteins (Fig. 7). Moreover, theecondary structures of these sequences are likely to be
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295UBIQUITINATION OF HSV-1 ICP0R PROTEINissimilar as well, since the carboxy-terminal ends of the
istone H2A and histone H2B proteins are known to be
andomly structured and a-helical, respectively (Luger et
l., 1997), while polyglycine tracts similar to the one in
he carboxy-terminal end of ICP0R typically form b struc-
ures (Munoz et al., 1983). Thus, the structural features
hat envelop an individual lysine residue within a protein
nd allow it to be stably ubiquitinated remain obscure.
In addition to the contribution of amino acids within the
mmediate vicinity of lysine 248 to ICP0R ubiquitination,
ore distant regions of the polypeptide also appeared to
lay an important role in mediating this processing
vent. ICP0R derivatives containing mutations that
apped over a broad region of the molecule were found
n many cases to be defective for ubiquitination, despite
he fact that they still retained the lysine 248 residue (Fig.
). Since this amino acid maps within a glycine-rich
egion at the extreme carboxy-terminal region of ICP0R
Fig. 7) which is predicted to form a stable b structure
Munoz et al., 1983), and many of the mutations respon-
ible for the processing-deficient phenotype map far
pstream, it is unlikely that the ubiquitination site of the
FIG. 6. Relationship between ubiquitination and transrepression com
erivatives containing linker insertion mutations that resulted in four or
inker insertions as well as the sites at which the amino acid inser
espectively. Extracts were prepared from these cells at 48 h posttr
onoclonal antibody 11060. The unprocessed and ubiquitinated forms
ediate transrepression as determined in a previous study (Spatz et a
ith wild-type ICP0R; 2, ,30% of the transrepression observed with w
FIG. 7. Comparison of the sites of ubiquitination in ICP0R with
istones H2A and H2B. The amino acid sequences that flank the lysine
esidue to which ubiquitin is conjugated (black “K” residue) in ICP0R,
istone H2A (Nickel and Davie, 1989), and histone H2B (Thorne et al.,
987) are shown. The codon number of the first residue listed is
esignated at the left; the final residue listed represents the carboxy-derminal codon for each of the three proteins.rotein could have been conformationally sequestered in
ll of these mutants. The simplest interpretation of these
esults is that ubiquitination of ICP0R requires not only
he lysine residue at codon 248, but also the integrity of
large part of the overall structure of the protein. This
ould explain the remarkable association between
ransrepression competence and ubiquitination that was
bserved in this panel of mutants (Fig. 6), since any
isruption in ICP0R structure that was significant enough
o abolish transrepression capability also appeared to
revent recognition by host cell ubiquitination enzymes.
owever, it cannot be ruled out that the ubiquitination
vent is actually a consequence of the unknown molec-
lar interactions that result in ICP0R-mediated transre-
ression.
It was noted in a previous study (Spatz et al., 1996) and
as again apparent in this work (Fig. 6) that transrepres-
ion-deficient mutants of ICP0R accumulate to signifi-
antly higher levels than the wild-type protein. While the
ost obvious explanation of this result is that these
utants simply fail to autorepress their own synthesis,
ther evidence has suggested that this is more likely due
o an increase in the stability of the mutant proteins
Spatz et al., 1996). The inability of these same transre-
ression-deficient derivatives of ICP0R to undergo ubiq-
itination (Fig. 6) would seem to be at least partially
esponsible for any increase in polypeptide stability.
owever, the results of this study indicate that the ubiq-
itination event that occurs at lysine 248 surprisingly
ontributes little if anything to ICP0R turnover. This was
learly demonstrated in the pKST-K144R/K159R/K248R
utant, which lacked all three lysine residues and there-
ore all potential sites for initiation of ubiquitin-dependent
egradation. As expected, this mutant failed to undergo
in mutant derivatives of ICP0R. Vero cells were transfected with pKST
ino acid insertions within the ICP0R protein. The designations of these
ccur within the ICP0R protein are indicated at the top and bottom,
tion and analyzed in Western blots using the ICP0 exon 2-specific
0R are indicated by arrows at the left. The ability of each mutant to
) is indicated at the bottom (1, .75% of the transrepression observed
e ICP0R).petence
five am
tions o
ansfec
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l., 1996etectable ubiquitination, yet surprisingly still possessed
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296 WEBER, SPATZ, AND NORDBYhe low levels of accumulation associated with the wild-
ype protein (Fig. 5). This was in marked contrast to the
ransrepression-deficient pKST-F1I mutant, which also
ailed to undergo ubiquitination (Fig. 3) but which accu-
ulated to very high levels in transfected cells (Figs. 5
nd 6) (Spatz et al., 1996). Moreover, the 64-kDa form of
CP0R did not appear to serve as a precursor to further
olyubiquitination events and therefore an intermediate
n the degradation of the protein in HSV–KST-infected
ells (Fig. 4). Although these results would seem to
uggest that the instability of the ICP0R protein may be
omehow mediated by the molecular interactions that
esult in transrepression, there is no direct evidence for
his at the present time. However, it is clear that there
ppears to be an unusual separation of protein instability
rom ubiquitination in this polypeptide.
Despite the ability of ICP0R to mediate transrepres-
ion of viral promoters in transfection assays, the ab-
ence of a phenotype in the ICP0R-overexpressing virus
SV–KST (Spatz et al., 1997) indicates that the contribu-
ion of this protein to the regulation of viral gene expres-
ion has yet to be demonstrated. The role of ubiquitina-
ion in ICP0R function is even less clear. Each of the
ysine residue mutants that were generated in this study,
ncluding the lysineless pKST-K144R/K159R/K248R mu-
ant (Fig. 5), were fully able to mediate transrepression
vents when tested in transfection assays (Weber, Spatz,
nd Nordby, unpublished observations). This indicated
hat the ubiquitination of the ICP0R protein and the 64-
Da form of ICP0R were each dispensable for transre-
ression. Moreover, in wild-type HSV-1, ICP0R accumu-
ates to levels that are readily detectable only at later
imes in infection (Everett et al., 1993; Weber, Spatz, and
ordby, unpublished observations). Since the analysis of
he kinetics of ICP0R processing during HSV–KST infec-
ion in this study (Fig. 4) indicates that modification by
biquitination is limited to the immediate early and early
tages of the replication cycle, it is likely that only a small
ortion of the ICP0R synthesized during a wild-type virus
nfection becomes ubiquitinated. This is consistent with
he inability to detect ubiquitinated ICP0R in lysates of
ild-type virus-infected cells using the reagents that are
urrently available at this time (Weber, Spatz, and Nor-
by, unpublished observations). Further studies are
herefore necessary to define the functions of both ICP0R
nd its unusual form of processing in the HSV-1 life
ycle.
MATERIALS AND METHODS
ells and viruses
Vero (African green monkey kidney) cells were used in
ll experiments and were maintained in Dulbecco’s min-
mum essential medium (GIBCO-BRL) supplemented
ith 10% defined fetal bovine serum, HEPES buffer, pen-cillin, streptomycin, and glutamine. HSV-1 (strain 17) was mhe wild type HSV-1 strain employed in all experiments.
SV–KST is a derivative of HSV-1 (strain 17) that has
een engineered to express high levels of the ICP0R
rotein instead of ICP0; its construction and character-
zation are described elsewhere (Spatz et al., 1997).
l1403 is an HSV-1 (strain 17) mutant that expresses
either ICP0 nor ICP0R (Stow and Stow, 1986). Both
SV-1 (strain 17) and dl1403 were generously provided
y R. Everett (MRC Virology Unit, Glasgow, U.K.).
lasmid constructions
pKST contains the gene encoding the wild-type ICP0R
rotein (Weber et al., 1992). pKST-C1 contains a gene
ncoding the wild-type ICP0R protein from which the
ntron 1 sequences have been removed. It was con-
tructed by replacing the 1.4-kb intron 1-containing NcoI/
pnI fragment of the ICP0R gene in pKST with the 0.6-kb
coI/KpnI fragment of the intronless ICP0 gene of
111-C1 (Everett, 1991); the latter plasmid was gener-
usly provided by R. Everett (MRC Virology Unit, Glas-
ow, U.K.). pKST-R1I, pKST-E25I, pKST-E3I, pKST-A2I,
KST-F1I, pKST-R2I, pKST-E8I, pKST-E13I, pKST-R3I, and
KST-E32I are derivatives of pKST which contain linker
nsertion mutations that result in four or five amino acid
nsertions within the ICP0R protein; their construction
nd characterization have been described previously
Spatz et al., 1996). pMT123 expresses a polyubiquitin
recursor that has been tagged with an epitope of the
nfluenza virus HA protein (Treier et al., 1994); it was
enerously provided by D. Bohmann (EMBL, Heidelberg,
ermany).
Site-directed mutagenesis to replace each of the ly-
ine residues of the ICP0R protein with arginine residues
as carried out using the QuickChange system (Strat-
gene) and PAGE-purified oligonucleotide primers
GIBCO-BRL). The K144R mutation was generated with
he following complementary oligonucleotides, which
lso created unique NsiI and FspI sites in the ICP0R
ene: 59-CCGCTTCTGCATCCCATGCATGCGCACCTGGA-
GC-39 and 59-GCATCCAGGTGCGCATGCATGGGATG-
AGAAGCGG-39. The K159R mutation was generated
ith the following complementary oligonucleotides,
hich also created a unique BssHII site in the ICP0R
ene: 59-CCGCTGTGCAACGCGCGCCTGGTGTACCTGA-
AGTGGG-39 and 59-CCCACTATCAGGTACACCAGGCG-
GCGTTGCACAGCGG-39. The K248R mutation was gen-
rated with the following complementary oligonucleo-
ides, which also created a unique NruI site in the ICP0R
ene: 59-GGCGGGGGGCGGTCGCGACCCTGGGGGAGG-
9 and 59-CCTCCCCCAGGGTCGCGACCGCCCCCCGCC-
9. The K144R and K159R mutations were introduced
ndividually or in combination into a subcloned 0.3-kb
hoI/KpnI fragment from pKST, while the K248R mutation
as introduced into a subcloned 0.2-kb KpnI/XbaI frag-
ent from pKST. The predicted mutations in these sub-
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297UBIQUITINATION OF HSV-1 ICP0R PROTEINragments were then verified by dye terminator DNA
ycle sequencing (ABI PRISM) before being used to
eplace the 0.3-kb XhoI/KpnI or 0.2-kb KpnI/XbaI frag-
ents of wild-type pKST.
ransfection, Western blot, and immunoprecipitation
nalyses.
Transfection of pKST or its derivatives into Vero cells
or the purpose of Western blot analysis of the ICP0R
rotein was carried out using 2 3 105 cells seeded in
ix-well plates, 4 mg of plasmid DNA, 12 ml of Pfx2
iposome (Invitrogen), and a 48-h incubation period ac-
ording to the manufacturer’s recommendations. Lysates
ere prepared from transfected or infected cells and
nalyzed on Western blots using procedures described
reviously (Spatz et al., 1996). Primary mouse monoclo-
al antibodies used in the Western blots included the
1060 antibody specific for the exon 2 sequences of ICP0
nd ICP0R (Everett et al., 1993), which was generously
rovided by R. Everett (MRC Virology Unit, Glasgow, U.K.),
nd an anti-influenza virus HA protein antibody conju-
ated to peroxidase (Boehringer-Mannheim). Immuno-
recipitations of 35S-labeled or unlabeled ICP0R proteins
ere carried out using the 11060 antibody and the pro-
edure of Meredith et al. (1995). Pulse–chase labeling of
SV–KST-infected cell proteins was performed at 5 h
ostinfection using a 5-min pulse incubation with 35S-
rans-labeled amino acids (ICN) followed by variable-
ength chase incubations and lysis in immunoprecipita-
ion buffer on ice.
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